Advances in genome analysis, network biology, and computational chemistry have the potential to revolutionize drug discovery by combining system-level identification of drug targets with the atomistic modeling of small molecules capable of modulating their activity. To demonstrate the effectiveness of such a discovery pipeline, we deduced common antibiotic targets in Escherichia coli and Staphylococcus aureus by identifying shared tissue-specific or uniformly essential metabolic reactions in their metabolic networks. We then predicted through virtual screening dozens of potential inhibitors for several enzymes of these reactions and showed experimentally that a subset of these inhibited both enzyme activities in vitro and bacterial cell viability. This blueprint is applicable for any sequenced organism with high-quality metabolic reconstruction and suggests a general strategy for strainspecific antiinfective therapy.
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antibiotics | flux balance analysis | virtual screening T he deciphering of genomes from a variety of organisms holds the promise of significantly increasing the speed and efficiency of drug discovery. The challenge to find "druggable" targets (1) that will have an effect in the complex interaction network of a living organism has been only partially met by genomics and functional genomics approaches (2) . For example, systematic gene deletion studies have been widely used to identify essential genes whose protein product could serve as potential antibiotic targets in a given bacterium. This approach yields only growthcondition-specific results, as a molecular target that is found to be essential in one specific environment may not be essential in others. To overcome these limitations and to couple target identification to the identification of small molecules that can affect them, cellular network analysis and computational chemistry approaches may prove highly efficient and scalable methods. By using entirely computational methods in the initial steps of drug discovery, the more expensive and time-consuming experimental methods could be applied in a more focused fashion to smaller sets of targets and hits. Although the potential time and resource savings of this strategy are widely acknowledged and have already yielded interesting results in individual aspects of drug discovery (3, 4) , so far there have been no successful examples where computational methods were integrated seamlessly to develop hits toward targets identified and validated by using genomic and systems-level methods.
Antibiotic drug resistance significantly eroded the effectiveness of currently available antimicrobial drugs toward disease-causing bacteria (5) . As a consequence, today the yearly mortality rate in the United States due to multidrug-resistant Staphylococcus aureus infections is higher than that due to AIDS (6) . Here, we provide a proof-of-principle demonstration that the combined use of bacterial metabolic network analysis with virtual screening and subsequent experimental verification is an effective method for the simultaneous identification of novel antimicrobial targets and inhibitory small molecules against them. Fig. 1 displays the main steps of our protocol. This blueprint for the rapid discovery of new antibiotic hits against new and specific molecular targets addresses a critical need and, with adjustment, is applicable to all diseases involving alterations in various biochemical reaction networks.
Results

Identification of Antimicrobial Targets by the Analysis of Bacterial
Metabolic Networks. We performed flux balance analysis (FBA) to identify the essential metabolic reactions of Escherichia coli MG1655 by using a recent metabolic network reconstruction of this Gram-negative model organism (7) . This analysis predicted 38 metabolic reactions as having nonzero flux under all growth conditions and being indispensable for the synthesis of the full set of biomass components in this bacterium. In the absence of isozymes or compensatory (nonspecific) enzymatic activities, the enzymes catalyzing these reactions are expected to be essential under all conditions and thus represent potential targets for antimicrobial drug discovery (8, 9) . A high fraction of the enzymes catalyzing the 38 predicted indispensable reactions were found to be essential in three previous genome-scale gene deletion studies (10) (11) (12) (Table S1 ). Seven of these indispensable reactions are shared among E. coli MG1655 and 13 S. aureus strains (9) , with the enzymes of five of them being experimentally validated as essential in at least one of the E. coli gene deletion studies (Table 1) . These reactions are not distributed randomly within the metabolism but cluster into distinct metabolic pathways that are known to play key roles in bacterial cell wall, amino acid, and porphyrin biosyntheses.
Some reactions are indispensable only in one type of bacterium. For example, most enzymes of the type-II bacterial fatty-acid biosynthesis (FAS II) pathways (13) are predicted as unconditionally essential in 13 S. aureus species (9) but not in E. coli MG1655, which has several transporters that enable it to take up fatty acids directly from the environment (7). Yet, in standard (fatty-acidfree) growth media, the inactivation of most FAS II enzymes renders E. coli cells inviable ( Fig. 2A) , and the loss of cell viability can be countered by the addition of unsaturated fatty acids to the growth media (14, 15) . In a recent intraperitoneal infection model with Gram-positive Streptococcus agalactiae, inactivation of FAS II enzymes also proved ineffective (16) , suggesting that pharmaceutical inhibition of FAS II enzymes may not be a feasible strategy for the treatment of systemic bacterial infections. How-ever, these enzymes may be suitable targets for the eradication of cutaneous antibiotic-resistant bacterial colonizations or for treating cutaneous infections caused by, e.g., methicillin-resistant S. aureus (17, 18) .
Virtual Screening of Small-Molecule Compounds Against Enzymes of
Bacterial Fatty-Acid Biosynthesis. We considered enzymes of the FAS II pathway with a uniformly lethal deletion phenotype in E. coli as potential high-confidence targets, whereas those with at least one mismatch in the E. coli deletion phenotype data, or having isozymes, were considered lower-confidence targets ( Fig. 2A) . We first focused on the malonyl-CoA-acyl carrier protein transacylase (MCAT, FabD), which catalyzes the first committed step in the initiation step of the fatty-acid biosynthesis pathway ( Fig. 2A ) and which shows high sequence conservation among the sixteen most common human bacterial pathogens (Fig. S1 ). Crystal structures of bacterial FabDs (19) (20) (21) (22) and their mammalian orthologs are available (23) . We identified 15 potential inhibitors of FabD (FDi1-15) through virtual screening. Briefly, the ZINC lead library (24) containing ∼10 6 small molecules prefiltered for drug-like properties was docked either to the crystal structures of E. coli FabD or to a FabD homology model derived for S. aureus N315 by using successively more accurate scoring functions followed by manual inspection of poses and rescoring by MM-PBSA (molecular mechanics Poisson-Boltzmann/surface area) calculations from an ensemble of molecular dynamics (MD) simulations (see Supporting Information for details) (25) . Fig. 2B shows two representative potential inhibitors, FDi2 and FDi14, bound to the active site of E. coli FabD. They exemplify the pharmacophore that is further confirmed by other docked structures and the putative binding mode of the natural substrate (21) . The close-up of FDi2 in the active site of E. coli FabD illustrates the relevant interactions (Fig. 2C ). The carboxylate acts as a phosphate isostere and interacts with the catalytic Arg 117 , Leu 93 , and Gln 11 , respectively. A polar linker to a thiophene ring enables stacking against His 91 and occupation of a hydrophobic pocket by a benzene moiety. Similar interactions are found for FDi10 in the active site of S. aureus FabD (Fig. 2D ). Further information on other compounds can be found in Tables S3 and S5. E. coli FabD shares ∼34% similarity with its human mitochondrial ortholog (Protein Data Bank ID 2c2n) with their backbones being almost superimposable (Fig. S1 ), but human mitochondrial FabD (shown in blue in Fig. 2B ) has a much smaller active site than E. coli FabD (shown in red in Fig. 2B ). Thus, FDi14 could potentially bind to the active site of human mitochondrial FabD, but FDi2 is predicted to be unable to do so. Thus, the active sites of human mitochondrial and E. coli FabD are sufficiently different for small molecules to selectively inhibit bacterial FabDs.
A particular strength of the approach used here is that it has an inherently systems-wide view rather than targeting a single enzyme, as is done in traditional drug design. If an enzyme is essential by itself (e.g., FabD), its specific inhibitors should be able Fig. 2A) and have broad-spectrum antibacterial activity (26) .
We therefore screened all remaining enzymes of the FAS II pathway (FabH, FabB/F, FabG, FabA/Z, and FabI) ( Fig. 2A) by using ligand-bound crystal structures or homology models (Table S2 ). This computational procedure yielded 26 small molecules that can potentially inhibit the FAS II elongation cycle enzymes (ECi1-26). Because several of the enzymes are functionally redundant in some organisms and the product of one step is the substrate of the next, the binding sites share many similarities. As a result, similar common binding moieties, such as a phosphate isostere, a hydrogen binding polar group, and a nonpolar ring system in a similar position emerge from the screens, which suggests the possibility of inhibiting several targets simultaneously. This concept of polypharmacology has been successfully applied in a number of cases before (27) and is part of the inherent design in our case.
Representative results from these studies are shown in Fig. 2E-G ECi8 is predicted to inhibit both FabB and FabF (Fig. 2E) , shares the binding characteristics of known inhibitors (26, 28) , and has a good shape complementarity to the active sites of both enzymes. In agreement with the hypothesis outlined above, cross-docking shows that ECi8 also has good poses and scores for binding to FabI and FabG, the adjacent enzymes in the elongation cycle.
The NADPH-and NADH-dependent reductases FabG and FabI have similar active sites, and several inhibitors exist for the latter, including triclosan ( Fig. 2A) . The most promising inhibitor identified by virtual screening, ECi16, shows similar interactions as triclosan: The fluorophenyl ring π-stacks with the oxidized nicotinamide, whereas the oxygen atoms of the sulfamide group participate in hydrogen bond interactions with the conserved active site tyrosine (Y 156 in E. coli FabI) and the 2 0 hydroxyl of NAD þ (Fig. 2F) .
The active sites of the dehydratases FabA and FabZ are formed along the dimer interface, with the critical His 70 and Asp 84 ðFabAÞ∕Glu 63 ðFabZÞ contributed by different monomers. The virtual screening identifies the interaction with Asp 84 ∕Glu 63 as the most relevant for inhibitor binding. Table S3 .
Testing the Effect of Predicted Inhibitors by Enzyme Assays and
Cell-Based Experiments. To experimentally validate the inhibitory effect of the 41 compounds selected from the 10 6 library members on bacterial fatty-acid enzymes, we set up two separate published enzyme screening assays: one for testing FabD activity (29) and the other for testing the inhibition of the elongation cycle (30) . For the FabD screening assay, we cloned the E. coli FabD and its protein substrate, AcpP, into a prokaryotic expression vector, induced their expression, and purified them to homogeneity. We then tested the purified FabD's activity in the absence or presence of the predicted inhibitors (see Table S4 and the Supporting Information for details). Of the 15 predicted inhibitors, we found that five of them (FDi2, 7, 8, 10, and 11) strongly and three of them (FDi12, 14, and 15) weakly inhibited FabD activity (for details, see the Supporting Information).
We also tested the effect of the 26 small molecules that are predicted to block the activity of various elongation cycle enzymes by using an established, fractionated cytoplasmic protein extract-based elongation cycle assay (30) with slight modifications (see Supporting Information). ECi8, 21, 23, and 26 have shown strong and ECi10, 11, 12, 13, 14, and 16 weak inhibitions toward the FAS II elongation cycle enzymes (Fig. S5) . Although the nature of the assay does not allow the precise differentiation of all FAS II targets, the results are consistent with the targets being inhibited by their computationally predicted inhibitors in a dose-dependent fashion (Fig. S5d) . Of the 41 potential inhibitors identified in the virtual screening protocol, eight were highly and nine were weakly active. For each enzyme of the FAS II elongation cycle, we could identify at least one validated inhibitor (see Tables S3 and S5 for details). This exceptionally high hit rate of >40% is remarkable considering the simple physical models used in the scoring functions and is significantly higher than what is typically obtained in virtual screening. Consequently, MM-PBSA rescoring is, at least for the present systems, able to describe side chain flexibility and hydrophobic effects and thus represents a significant improvement for virtual screening (25) . It is expected that explicit treatment of entropy could further improve the hit rate, albeit at a significant computational cost.
Next, we examined the effect of these compounds on bacterial cell viability by performing disc inhibition assays against two E. coli strains (MG1655 and a random patient isolate) and three S. aureus strains (S. aureus Mu50, USA300, and a strain isolated from a patient) by using standard procedures (31) . Because it was reported that serum is a rich source of unsaturated fatty acids excluding the use of FAS II inhibitors for the treatment of systemic infections (16), we performed the experiments both on LB-agar and LB-agar plus 10% human serum plates (Fig. 3) .
When using standard LB-agar plates (Fig. 3A and blue-shaded columns in Table 2 ) among the identified FabD and elongation cycle, enzyme inhibitors FDi8, 11, 12, and 15 did not show any inhibitory effect in this whole cell assay. In contrast, FDi2, 7, 10, and 14 and ECi8 and 23 were found to be active against all five strains tested, although their zone of inhibition was different both quantitatively and qualitatively for different strains (Fig. 3) . ECi16 displayed only a minor inhibitory effect on the E. coli patient and MG1655 strains, while the remaining inhibitors, including ECi11, were without effect (Fig. 3) . Of note, even though S. aureus Mu50 and USA300 strains are methicillin-and vancomycin-resistant opportunistic pathogens, respectively, in the Mu50 strain FDi10 and ECi8 and 23 displayed a clear zone of inhibition that was even stronger than the one caused by ampicillin (blue-shaded column in Table 2 ). In the presence of unsaturated fatty acids (Fig. 3B and pink-shaded columns in Table 2 ), FDi2 and ECi16 completely lost their inhibitory function, while FDi7 and 14 and ECi23 displayed partial inhibitory activities. In contrast, FDi10 and ECi8 retained most of their activity. These findings are consistent with the notion that the presence of unsaturated fatty acids can indeed bypass the need for FAS II enzymes (16) and suggest that some of the identified inhibitors may also possess off-target growth inhibitory effects.
To further test if the identified inhibitors react with their targets' human orthologs and/or cause toxicity in human cells through off-target effects, we employed 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) cell viability and trypan blue exclusion assays to examine the effect of potential inhibitors on mammalian cells. Normal human BJ foreskin fibroblast cells immortalized by the catalytic subunit of human telomerase (32) were utilized for this purpose. After treating the cells with 400 μg∕mL of each inhibitor, we found that FDi2 displayed comparable MTT activity and live cell numbers with the DMSO solvent control, indicating that it has no toxicity or inhibitory effect on cell viability (Table 2) . In contrast, similar to the effect of cerulenin and triclosan, ECi8 and 23 completely blocked MTT activity and killed the fibroblast cells. The other inhibitors, including FDi10, FDi14, and ECi16, showed partial inhibition on mammalian cells and could potentially be further optimized for antibacterial selectivity. Of note, these experimental results are in agreement with the docking predictions for the bacterial selectivity (or lack of) of FabD inhibitors FDi2 and FDi14 (Fig. 2B) . 
Discussion
The promise of genome projects, functional genomics studies, and network biology in providing new molecular targets for pharmaceutical intervention in different disease states is now becoming a reality (33, 34) . This pharmaceutical intervention is particularly important in the area of infectious diseases, where the dual problems of multidrug resistance and the scarcity of effective therapy for a large number of diseases are well recognized. Although genome-scale gene deletions have been used for antimicrobial drug target identification, this experimental strategy is time-consuming and provides only growth-condition-specific results. In some organisms that are hard to cultivate, such as Plasmodium falciparum or Mycobacterium tuberculosis, it is technically not feasible. With the large number of sequenced genomes of disease-causing prokaryotes (bacteria) and eukaryotes (fungi, malaria, trypanosomes, etc.), the approach introduced here, which can effectively start from the sequence, represents an increasingly attractive alternative.
From a more general perspective, a key aim of network medicine is to reconstitute the physiological network states of cells in a systematic and computable fashion (35) . In the case of microbial infections, however, this aim entails the drug therapy-induced alteration of network states that are deleterious to the infectious organism, including its ability to synthesize biomass constituents or virulence factors, or to the function of its key cellular constituents (e.g., the ribosome) (Fig. 4A) . The blueprint we demonstrate here combines genomic information and network biology-based strain-specific molecular target identification (Fig. 4B , Left) with computational ranking of ∼10 6 small molecules to identify potential antimicrobial scaffolds against the identified target enzymes (Fig. 4B, Right) . In turn, these define the chemical subspace for organism-or strain-specific lead development using traditional or structure-based methods of medicinal chemistry. This strategy could easily be extended to other pathways found to be essential for bacteria, such as those regulating the generation of reactive oxygen intermediates that can potentiate the activity of individual antibiotic compounds (36) (37) (38) .
In routine molecular diagnostics full genome analysis using massively parallel sequencing technologies coupled to network medicine is likely to be first employed for microorganisms, which have relatively small genomes, where genome analysis, metabolic reconstruction, and subsequent network analysis are now routine (39) and where the benefits of isolate-specific treatments have long been well-established. Therefore, the comparison of a fully sequenced S. aureus patient isolate to a compendium of a full genome sequence plus high quality metabolic reconstruction of, e.g., 1,000 S. aureus strains will allow the deployment of strainoptimized antimicrobial therapy, providing that a corresponding, well characterized pharmaceutical library [including information on off-target effects (40) ] has also been established. With rapidly increasing computational power, computer-aided drug discovery, disease diagnosis, and tailored therapy are now becoming increasingly plausible.
Materials and Methods
Identification of Essential Metabolic Reactions in E. coli. FBA to identify the essential metabolic reactions of E. coli MG1655 by using its recent metabolic network reconstruction (7) was performed as previously described (9) and as detailed in the Supplementary Information.
Computational Chemistry Protocols for Hit Identification. Virtual screening using the ZINC lead library (24) and subsequent manual inspection of poses and rescoring by MM-PBSA calculations from an ensemble of MD simulations were performed, as previously described (25) , and are detailed in the Supplementary Information.
Enzyme Inhibition Assays, Bacterial Growth, and Cytotoxicity Studies. Two E. coli (MG1655 and patient isolate) and three S. aureus (Mu50, USA300, and patient isolate) strains and human fibroblast cells were used. The experimental details of the in vitro enzyme assays, bacterial growth inhibition, and mammalian cell toxicity tests are detailed in the Supplementary Information.
